The tolerance of Listeria monocytogenes to refrigeration temperatures, high concentrations of NaCl, and anaerobic conditions (5, 14, 19) may necessitate the use of additional preservation for various food products such as vacuum-packed ready-to-eat meat products. The use of protective cultures, which produce bacteriocins or exert other kinds of competitive exclusion, may satisfy the demand for safe, fresh, and more natural meat products as proposed by many researchers (6, 11, 17) .
Successful applications of bacteriocins and bacteriocin-producing strains have been demonstrated in various meat products (1, 11, 18, 31) . However, in some cases survival of L. monocytogenes has been observed in foods after exposure to bacteriocins (1, 18, 31) . Several studies have evaluated the activity of different bacteriocins, and they concluded that the bacteriocin concentration is critical to achieve sufficient inhibitory effect (1, 2, 24) . An immediate reduction of L. monocytogenes that was inoculated onto vacuum-packaged meat sausages was only obtained when high concentrations of Leuconostoc carnosum 4010 (6.3 ϫ 10 6 CFU/g) was applied (11) . In addition to high bacteriocin concentrations, an even distribution of the bacteriocin-producing strain on a meat surface (27) , and close contact between the protective culture and target organism have recently been identified as critical parameters for obtaining adequate competitive exclusion of L. monocytogenes (24) . Survival of L. monocytogenes in meat products may also be prevented by additional use of various meat additives. Thus, to eliminate survivors and growth of L. monocytogenes in meat products, the combined effect of bacteriocins and additives still needs to be examined (24, 28, 33, 34) .
Even though it has been emphasized that adequate concentrations of bacteriocins are important to obtain sufficient inhibition of L. monocytogenes, no detailed reports on the effect of bacteriocins at subinhibitory concentrations seem to be available. It is currently unknown whether treatment with subinhibitory concentrations of bacteriocin slightly affects the entire cell population or only attacks a fraction of the cell population, leaving another fraction of cells unaffected. Previously, we have performed in situ analyses of the interaction between bacteriocins and single cells of L. monocytogenes on a solid surface with the use of fluorescence ratio imaging microscopy (FRIM) (9) . FRIM was used to determine the dissipation of the pH gradient (⌬pH) after exposure to nisin, and this setup revealed single cells of L. monocytogenes that maintained ⌬pH depending on the history of the cells (9) . Furthermore, the potential of this method to measure the interaction between bacteriocins and L. monocytogenes on the surfaces of food was highlighted (9) .
The aim of the present study was to investigate the efficacy of leucocin 4010 or nisin at subinhibitory concentrations on single cells of L. monocytogenes. We applied the in situ technique FRIM on a solid surface to determine the heterogeneity with regard to pH i of cells within a population of L. monocytogenes. Furthermore, we examined the antilisterial activity of the bacteriocins in combination with various meat additives and verified these results directly on surfaces of meat sausages. Modeling of bimodal data was used to predict the concentration of bacteriocin needed to dissipate ⌬pH for 90% of the cells when applied in combination with various meat additives. Determination of the number of viable cells of L. monocytogenes after exposure to bacteriocins. To determine the number of viable L. monocytogenes cells after exposure to bacteriocins for 5 min, the membrane filters were aseptically removed from the microscope chamber and transferred to 10 ml of peptone saline solution. The membrane filters were thoroughly vortexed, and tenfold dilutions made in peptone saline solution were plated on BHI agar (Oxoid, Ltd., Basingstoke, United Kingdom). CFU were enumerated after incubation for 48 h at 37°C.
Statistical methods. A novel statistical method was developed to describe the dissipation of ⌬pH for single cells of L. monocytogenes exposed to the bacteriocins. Statistical analyses were carried out by using R 490/435 values. In all experiments, single-cell analysis of R 490/435 values revealed a bimodal distribution (i.e., two subpopulations) as outlined in Fig. 2 : one subpopulation showed an average R 490/435 of ca. 2.5 (subpopulation 1), and the other subpopulation showed an average R 490/435 of ca. 9 (subpopulation 2). For each of the different combinations of bacteriocin and meat additive, the following order of procedures was used (each step of the statistical procedure is explained in details in the Appendix). For step 1, the proportion of cells belonging to each subpopulation was estimated by fitting a normal mixture model to the ratio values of individual cells for each image. For step 2, the relation between bacteriocin concentration and the proportion of cells in each subpopulation was estimated by weighted logistic regression. For step 3, predictions of the concentration of bacteriocin corresponding to 90% of the cells belonging to subpopulation 1 (ED 90 value), as well as the approximate standard errors, were made.
RESULTS
Ratio images of L. monocytogenes upon exposure to various concentrations of leucocins 4010 or nisin are seen in Fig. 1 . In Fig. 1A and D, ratio images for cells not being exposed to bacteriocins are shown, and the R 490/435 of L. monocytogenes was approximately 9. This value corresponded to pH i 7.9 according to Budde and Jakobsen (9) , and at the extracellular pH (pH ex ) of 6.0, cells maintained a ⌬pH of approximately 2 pH units. Ratio images of cells exposed to high concentrations of leucocins (24,000 AU/ml) and nisin (1800 IU/ml) are shown in Fig. 1C and F, and the R 490/435 of cells was approximately 2.5, corresponding to pH i 6.0 according to Budde and Jakobsen (9) . At subinhibitory concentrations of leucocin 4010 (9,600 AU/ml) and nisin (400 IU/ml), ⌬pH dissipated in a fraction of the cells, while the remaining part of the cells maintained their ⌬pH within the time of exposure (5 min) which is also reflected in Fig. 1B and E. The viable count of L. monocytogenes 4140 decreased from 5.5 ϫ 10 5 to 2.3 ϫ 10 5 CFU/ml after treatment with 9,600 AU of leucocin 4010/ml and from 2.5 ϫ 10 5 to 6 ϫ 10 4 CFU/ml after treatment with 400 IU of nisin/ml. Exposure to higher concentrations of leucocin (24,000 AU/ml) and nisin (1,800 IU/ml) caused ⌬pH dissipation in all L. monocytogenes cells examined as seen in Fig. 1C and F. However, the viable count only decreased from 5.5 ϫ 10 5 to 2.3 ϫ 10 5 CFU/ml after exposure to 24,000 AU of leucocin 4010/ml, whereas the viable count decreased from 2.5 ϫ 10 5 to 1.4 ϫ 10 2 CFU/ml after exposure to 1,800 IU of nisin/ml.
More detailed information on the distributions of the measured R 490/435 values shown as bars, as well as the fitted curves of the binomial distributions of the R 490/435 values (estimated according to steps i and ii of the statistical procedure), are shown in Fig. 2 and 3 for L. monocytogenes exposed to leucocin 4010 and nisin, respectively. In the absence of bacteriocins, all L. monocytogenes cells were designated as subpopulation 2, showing R 490/435 values with an average of ca. 9.0 ( Fig. 2a  and 3a) . Exposure of L. monocytogenes to subinhibitory concentrations of leucocin 4010 (9,600 AU/ml) or nisin (400 IU/ml) revealed two subpopulations ( Fig. 2b and 3b) . One subpopulation showed low values of R 490/435 , with an average of ca. 2.5, and these cells were designated as subpopulation 1, and the other cells with high values of R 490/435 (average of ca. 9.0) were designated as subpopulation 2 ( Fig.  2b and 3b) . However, the histograms in Fig. 2b and 3b also show that a minor fraction of cells exhibited R 490/435 values in between the typical low value ( low ) and the typical high value ( high ) calculated as explained in step i of the statistical procedure. These cells were assigned to subpopulation 1 or 2 according to the weighting scheme described in step ii of the statistical analysis. After exposure to sufficiently high concentrations of leucocin 4010 (24,000 AU/ml) and nisin (1,800 IU/ml), all L. monocytogenes cells examined were designated as subpopulation 1 ( Fig. 2c and 3c ).
Within the time of exposure, meat additives alone did not affect the number of cells designated to subpopulation 2 but slightly changed the value of high for this subpopulation (results not shown). Upon exposure to leucocin 4010 in combination with sodium chloride, the percentages of cells designated to the two subpopulations were estimated by using weighted logistic regression. Addition of sodium chloride decreased the antilisterial effect of leucocin 4010, and it was necessary to increase the concentrations of leucocin 4010 to obtain the same effect as without sodium chloride (Fig. 4) . The concentration of bacteriocins required to dissipate ⌬pH for 90% of the cells (ED 90 ) in the absence or in the presence of the various meat additives was predicted for each of the conditions (Table 1) . ED 90 increased from 1.9 ϫ 10 4 to 1.1 ϫ 10 6 AU/ml for leucocin 4010 when 3% (wt/vol) sodium chloride was added (Table 1) . Sodium chloride also inhibited the activity of nisin, and ED 90 increased from 4.1 ϫ 10 2 to 1.1 ϫ 10 4 IU/ml upon addition of 3% (wt/vol) sodium chloride ( (Table 1 ). The addition of sodium nitrite (60 and 100 ppm) slightly enhanced the antilisterial effect in combination with either leucocin 4010 or nisin ( Table 1 ). The addition of sodium nitrite (100 ppm) decreased the ED 90 from 1.9 ϫ 10 4 AU/ml to 1.7 ϫ 10 4 AU/ml for leucocin 4010, whereas ED 90 decreased from 420 to 310 IU/ml for nisin (Table 1).
The combined antilisterial effect of the bacteriocins and meat additives was verified by in situ measurements on the surface of meat sausages. A significant antilisterial effect of leucocin 4010 (48,000 AU/ml) was observed on surfaces of meat sausages without sodium chloride added, and ⌬pH was dissipated for all cells (Fig. 5a ). In contrast, when sodium chloride was added (2.5% [wt/vol]) to the meat sausage, the antilisterial effect of leucocin 4010 (48,000 AU/ml) decreased and at the end of the exposure time (5 min) less than half of the cells were designated to subpopulation 1, leaving more than half of the cells unaffected (Fig. 5b) . Similar reductions in the antilisterial effect of nisin on meat surfaces were observed when sodium chloride was added to the meat matrix (results not shown). The smaller impact of the other meat additives on the antilisterial effect that was observed in the liquid system (Table 1) could not be verified when the additives were mixed into the meat matrix (results not shown).
DISCUSSION
Based on the two subpopulations behavior of L. monocytogenes observed in this study, it is likely that treatment of L. monocytogenes in meat products at subinhibitory concentrations of bacteriocins will result in the inactivation of a fraction of the population rather than weakening each individual cell of the population. This emphasizes the importance of using sufficient concentrations of bacteriocin in food products in order to eliminate survival and growth of surviving L. monocytogenes.
Bacteriocin molecules tend to aggregate and form large complexes due to their hydrophobic nature (7, 40) . These properties potentially lead to localized gradients of bacteriocin molecules, which may be particularly critical at limited concen- trations of bacteriocin. The presence of localized gradients is the most reasonable explanation for the two subpopulations observed in the current study. Bimodal distributions may be even more pronounced in solid foods such as meat products containing bacteriocin-producing strains, since the transmission of bacteriocins happens through diffusion and not convection (30) The occurrence of phenotypic heterogeneity of L. monocytogenes cannot be excluded as an explanation for the two subpopulations observed upon exposure to subinhibitory concentrations of bacteriocins. Phenotypic heterogeneity constitutes the nongenetic variation existing among individual cells within an isogenic population and is related to different levels of basal gene expression rather than different gene possession (39) . Phenotypic heterogeneity arises via progression through the cell cycle (15) and is typically seen when cells are exposed to stressful conditions such as heat (3) . Phenotypic heterogeneity has also been observed for Escherichia coli cells surviving and being persistent to antibiotic treatment (4). Furthermore, the heterogeneity of cells grown on solid substrates has been observed with respect to bacteriocin sensitivity, RNA content, and levels of carotenoid pigmentation (9, 13) .
The bimodal distribution does probably not reflect genotypic heterogeneity within the L. monocytogenes population resulting in different susceptibilities of single cells to the bacteriocins. The frequency of genotypic heterogeneity of L. monocytogenes 412 (identical to strain 4140) concerning resistance to nisin and pediocin PA-1 has been thoroughly investigated and shown to be 10 Ϫ4 and 10 Ϫ6 , respectively (20) . This low rate of bacteriocin resistance combined with the fact that ⌬pH was dissipated for all single cells at high concentration of bacteriocin makes bacteriocin resistance an unlikely explanation to the bimodal distribution. Likewise, bacteriocin resistance did not seem to be the primary reason for L. monocytogenes surviving on sausages after exposure to leucocin 4010, since no resistant strains could be retrieved among the survivors (27) . To confirm the suggested origin of the two subpopulations at subinhibitory concentrations of bacteriocin, detailed investigations of cells from each subpopulation should be performed in the future with the use of either fluorescence-activated cell sorting or micromanipulation.
Traditionally, the growth-inhibitory effect caused by bacteriocins added to foods has been determined by plate counting. Using this method, L. monocytogenes is transferred to optimal growth conditions, e.g., with regard to media not containing bacteriocin and to optimal temperature for growth. In the present study, exposure of L. monocytogenes to nisin resulted in a pronounced increase in the number of cells with dissipated ⌬pH (subpopulation 1), which corresponded to a decrease in the viable count on BHI agar. However, exposure to leucocin 4010 at concentrations that dissipated ⌬pH for all cells only resulted in ca. 50% reduction in the viable count, which may be explained by recovery of L. monocytogenes upon transfer to BHI agar. The existence of such a recovery mechanism was supported by the observation of very different colony sizes, including pinpoint colonies of L. monocytogenes after exposure to leucocin 4010 (results not shown). A repair mechanism was also demonstrated in Lactobacillus spp. after bacteriocin treatment, when viable counts were compared to direct observation of pore formation by flow cytometry (10) . Similar recovery was not observed on a meat sausage (11, 27) , which may be related to the concurrent presence of leucocin 4010 and Listeria monocytogenes and potentially the combined effect of a hostile sausage environment. These observations highlight the importance of in situ investigations of bacteriocins and their target organisms, as demonstrated in the present study. Previously, FRIM has been used to measure pH i in L. monocytogenes (9, 37) , Bacillus licheniformis (23), Candida krusei, and Saccharomyces cerevisiae (22) , as well as lactic acid bacteria (38) , on solid surfaces such as membrane filters or poly-L-lysine-coated glass slides. In the present study, FRIM was successfully applied for measuring pH i directly on the surface of meat sausages, and in the future these in situ measurements may advantageously be performed on other food surfaces.
Within the short time of exposure (5 min), meat additives alone showed no effect on the proportion of L. monocytogenes cells designated to the two subpopulations (results not shown).
Sodium chloride inhibited the activity of leucocin 4010 and nisin demonstrating that a higher amount of bacteriocin was required to inactivate all L. monocytogenes cells on meat sausages containing 3% (wt/vol) NaCl compared to products containing lower concentrations of NaCl. The inhibitory effect of NaCl on leucocin 4010 and nisin is in accordance with the inhibitory effect of NaCl on the antilisterial effect of pediocin, and this inhibition was negated by increasing the concentration of bacteriocin (8) . Similar effects of sodium chloride was observed on the growth-inhibitory effect of Leuconostoc carnosum 4010 (24), sakacin K (25), lactocin (41) , and nisin and pediocin (16, 28) . Decreased activities of various bacteriocins in the presence of sodium chloride have been explained by chloride anions inhibiting the binding of bacteriocin to the cell surface of a target organism (8), sodium chloride inducing conformational changes of bacteriocins (29), or changing the envelope of the target organism (28) .
A decrease in the activities of leucocin 4010 and nisin was observed in the presence of sodium phosphate, sodium acetate, sodium lactate, and sodium citrate (Table 1) . Previously, the addition of phosphate at concentrations of 40 mmol/liter or higher was shown to inhibit the effect of nisin, and this effect was ascribed to the ability of the phosphate ions to block the electrostatic interaction between bacteriocin and cell membrane (8). It is not known whether the decrease in bacteriocin activities when applied in mixtures with the above-mentioned meat additives could be explained by a similar ion-blocking effect. In contrast, previous work has demonstrated a synergis- (35) . The different results may be explained by the different times of exposure to bacteriocins and meat additives for the target organism since only the initial activity of bacteriocins was determined by FRIM and not a possible long-term effect of the meat additives on the bacteriocin activity. Increased antilisterial activity was also demonstrated for Leuconostoc carnosum 4010 immobilized in a structured gelatin system after addition of sodium nitrite (60 or 100 ppm) (24) . In contrast, sodium nitrite decreased the growth-inhibitory effect of lactocin 705 against L. monocytogenes (41).
In conclusion, we show here that the use of subinhibitory concentrations of leucocin 4010 and nisin resulted in two subpopulations of L. monocytogenes where only one subpopulation was affected by the treatment rather than weakening each individual cell of the population. The apparent recovery of L. monocytogenes cells when removed from leucocin 4010 to optimal growth conditions on BHI agar plates for estimation of viable counts emphasizes the importance of using in situ measurements to examine the effect of bacteriocins. In situ measurements of the activity of leucocin 4010 or nisin in combination with various meat additives were successfully performed on surfaces of meat sausages. Sodium chloride decreased the activity of leucocin 4010 and nisin when applied in a solution, as well as in a meat matrix. The effectiveness of bacteriocins should carefully be evaluated in food products containing the desired levels of additives since these may affect the concentrations of bacteriocins needed to produce safe food products. The (unobserved) status of each individual cell was modeled by binomial distributions bin(1, p i ) with the underlying proportion p i depending on the image. The unknown true p i was the key figure that expressed the proportion of cells in subpopulation 1. The model is a well-defined statistical model, known as a normal mixture model, in which estimates of the unknown model parameters could be found by a maximum-likelihood estimation, often carried out by the EM algorithm (32) . For a single image this could be accomplished by commercial statistical software with standard clustering routines, but for several images simultaneously it was not possible and the applied algorithm is given explicitly in the following:
(i) Starting values for p i , low , low , high , and high were chosen.
(ii) E-step. The probability of belonging to subpopulation 1 ␣ ij was calculated for each cell.
where was the standard normal density function.
(iii) M-step. The proportion of cells belonging to subpopulation 1 was estimated by calculating the average of the individual cell probabilities.
Estimates of the two intensity value distributions were calculated by using the individual cell probabilities as weights as follows:
(iv) Iteration was carried out between steps ii and iii until convergence was obtained.
Step 2. Using a standard logistic regression procedure, the SAS Genmod Procedure (36) , the relation between the p i values deduced from step 1 and the corresponding bacteriocin concentration C i was modeled by a logistic curve:
This analysis required binomial data for each observation i, i.e., a number of "observed successes" and the number of total possible successes, in this case, the expected number of cells belonging to subpopulation 1 corresponding to n i p i out of n i possible. Weights, w i , which were used to determine the probability of a cell to belong to each of the subpopulations, were calculated according to the weighting scheme given by: 
This choice of weights ensured that the uncertainty of the proportions p i in the analysis equaled that given by using standard asymptotic statistics theory on the normal mixture model. Approximate variances of the R 490/435 values in subpopulations 1 and 2 could be deduced by differentiating the log-likelihood function twice. In this case, the log-likelihood function differentiated twice with respect to p i resulted in:
To account for variations in the p i values that were likely to occur due to sampling, replication, and lack of logistic curve fit, the weighted logistic regression was carried out with a so-called overdispersion factor. The deviance scale option of the procedure was chosen (36) .
Step 3. The concentration level corresponding to 90% cells belonging to subpopulation 1 with low R 490/435 ED 90 values was derived from the logistic relation:
ED 90 ϭ log͑0.90/0.10͒ Ϫ ␣ ␤
Since this was a function of the two logistic curve parameters, the approximate uncertainty of the ED 90 , SE ED90 , was deduced by standard error analysis (12), giving: 
